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After the Bhuj earthquake the national capital region of Delhi attracted major attention of several scientific studies in the recent 
times. Since Delhi falls in zone IV (IS 1893: 2002) with high seismic activity, there is a great need for site characterization and 
seismic hazard mapping of the area. Multi Channel Analysis of Surface Wave (MASW) tests were done in Delhi at 118 sites in 
predefined grids of 2kmX3km each. Shear-wave velocity, VS, is an important parameter for evaluating dynamic behavior of soil. 
This test carried outdone using 48 channel digital seismograph with 4.5 Hz geophones. Data was analyzed using SeisImager/SW 
software and two dimensional shear wave velocity models at every 5m depth from ground surface was developed. It is observed 
that the value of Vs is ranging from 400 to 480 m/s in the rocky sites, it is 120 to 250m/s in trans Yamuna region and 250 to 
370m/s in western side of the area. The shear wave velocity values are exactly matching with the geological and geotechnical 
characteristics of the subsoil strata. Also, The field shear wave velocity from MASW test is compared with the estimated values 
using the empirical formulae developed. It is observed that the experimental shear wave velocity and the empirically estimated 
values are almost equal up to 20m depth. But at depths greater 20m, Vs from MASW test are slightly higher than the calculated 
value using empirical formulae developed. Average shear wave velocity at 30m depth i.e., VS30 is also calculated and is ranging 
from 185 to 495 m/s for Delhi region. Also, correlations among Vs, SPT ‘N’, depth ‘D’ are developed using the available 
borehole data. These correlations are useful to estimate the shear wave velocity at any depth with out performing the actual test 
in Delhi region. 
 
INTRODUCTION 
Geophysical tests based on the generation and propagation of 
seismic waves are widely used in Earthquake Geotechnical 
Engineering. Seismic in-situ tests are often the only way to 
determine soil stiffness in undisturbed conditions, especially 
for coarse soils, in which undisturbed sampling is problematic. 
The shear modulus can easily be derived if the velocity of 
propagation of shear waves and the soil density are known. 
The shear wave disturbances, as they travel through the soil 
media, map out dilational and rotational strains. Hence, Vs is 
currently used as one of the important factors in site 
characterization. Shear wave velocity structure could be 
ascertained through invasive techniques like down hole, up 
hole, cross hole and non invasive methods such as Spectral 
Analysis of Surface Wave (SASW) method and Multichannel 
Analysis of Surface Wave (MASW) method (park et al., 1999 
and Xia et al., 1999), utilizing theoretically proven relation 
between Rayleigh and Shear wave velocity as 
  
 
VR =0.9VS                                                              (1) 
 
 
Multi channel analysis of surface wave method is a non-
invasive method developed to estimate shear wave velocity 
profile from surface wave energy. Measurements of phase 
velocity of Rayleigh waves of different frequencies can be 
used to determine a velocity depth profile. In the SASW 
method, the dispersion curve is obtained by using a two-
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receiver test configuration. But in MASW multi -station 
recording permits a single survey of a broad depth range and 
high levels of redundancy with a single field configuration. 
Multi channel analysis of surface waves overcomes the 
drawbacks associated with SASW method. Multistation 
technique increases the reliability of the results and shortens 
the execution time both in the field and during interpretation 
for surface wave tests.  In the recent years, MASW method 
attracted researchers all over the world. MASW method is 
powerful, rapid and cost effective tool for constraining 
shallow wave velocity structures. This tests were done in 
Delhi at 118 locations by spreading multiple geophones for 
estimating 2D velocity profiles.  
In this survey spacing between the geophones and source 
increment had been made equal to 6 meters. The McSeis-SX 
48 digital seismograph of 48 channels for the first time in the 
country is used in this study. Frequency of the equipment 
ranges from 4.5 to 4600Hz. Geophones of 4.5 Hz are used in 
the survey and they are connected to the seismograph with 
connecting cables. A wooden hammer of 11 kg weight is used 
as a source for creating the energy. Fixed receiver 
configuration is used and source is placed between each 
receiver and at both ends of the survey line. Data for each site 
is recorded and saved in the equipment. The acquired data is 
then transferred from the seismograph for the analysis using 
SeisImager/SW software. The two dimensional velocity model 
is generated for all test locations and the average shear wave 
velocity up to 30m (VS30) is also calculated. 
 
 
GEOLOGICAL AND GEOTECHNICAL    DETAILS OF 
DELHI 
 
Delhi has interesting geology on account of its being the end 
of exposed ancient Aravali mountain ranges extending NE in 
this area. Delhi and its adjoing region is surrounded in the 
north and east by Indo-Gangetic plaines, in the west by the 
extension of the great Indian Thar desert and in the south by 
the Aravali ranges. The rocks of Delhi have undergone 
multiple folding and different phases of metamorphism with 
some transverse features. The quarzites are bedded and highly 
jointed with pegmatite intrusives. The Alwar series and the 
post Delhi intrusives are covered by the quaternary deposits in 
the form of aeolian and alluvial deposits. The alluvial deposits 
belong to the Pleistocene period, i.e., older alluvial deposits 
and of recent age i.e., newer alluvium. Older alluvium deposits 
consists of mostly inter bedded lenticular and inter fingering 
deposits of clay, silt and sand along with kankar (Rao, 2003).  
Based on the collected borehole data, soil profiles are made 
covering almost entire region to study the sub soil 
heterogeneity. Generally in trans-Yamuna, silt is very 
predominant. Grain size distribution curves are also drawn at 4 
different depths for north, south, east, west and central blocks 
in Delhi. In the eastern block the soils are sandy silts/silty 
sands with high percentage of medium to fine sand. The areas 
like Noida, Mayur Vihar, Yamuna Vihar, Abdul Fazal 
Enclave, Geeta Colony which falls in the eastern block has 
very soft soil deposits and high water table. Northern and 
Western blocks have silty sands with reasonable percentage of 
clay. The areas like Rohini, Punjabi Bagh, Paschim Vihar, 
Janakpuri, Dwarka which falls in these blocks. The south and 
central blocks have gravelly sands with percentage of gravel 
(Ghitorni, Maidan Garh, Sat Bari,).  Rao & Neelima (2004)  
explained the geotechnical properties of Delhi soils in detail. 
 
 
MULTICHANNEL ANALYSIS OF SURFACE WAVE 
(MASW) METHOD 
 
MASW technique has been developed in response to the 
shortcomings of SASW. The simultaneous recording of 12 or 
more receivers at short (1-2m) to long (50-100m) distances 
from an impulsive or vibratory source gives statistical 
redundancy to measurements of phase velocities. Multichannel 
data displays in a time variable frequency format also allow 
identification and elimination of non fundamental mode 
Rayleigh waves and other coherent noise during the analysis 
process. The field setup, acquisition process and analysis 
procedure are explained below in detail. 
 
Field Study 
This MASW test is done in Delhi at various locations by 
spreading multiple geophones for estimating 2D Velocity 
profiles. Figure 1 shows the field set up of the MASW test. In 
this survey spacing between the geophones had been made 
equal to 6 meters. All the geophones are connected to the 
seismograph and the source is shifted with 6 m increment. An 
additional geophone is used as a trigger geophone to intialize 
the recording. The generated Rayleigh wave data are recorded 
at all shot points. 
 
Data Acquisition 
The 48 channel signal enhancement seismograph is used for 
acquisition of the seismic data. Geophones of 4.5 Hz are used 
and they are connected to the seismograph with connecting 
cables as shown in Fig. 1.  
A wooden hammer of 11 kg weight manually impacted on 
165cm2 aluminum plate is used for creating the energy. Fixed 
receiver configuration is used and the source is placed 
between each receiver and at both ends of the survey line. 
Around 13 shots are created at each test location in the present 
study. Data for each shot is digitally recorded and saved in the 
equipment. Figure 2 shows the multichannel records (shot 
gathers) of the geophones at JNU campus with source at mid 
point of the survey line. The acquired data is then transferred 
for the analysis. The following are the recording parameters 
(Table 1) during the acquisition process. 















Fig. 1.  Sketch  of MASW Test Spread 
 
 
Table 1. Seismic data recording parameters 
 
SeisImager/SW software has three more softwares i.e., 
Pickwin95, WaveEq and GeoPlot. Figure 3 gives the 
flowchart with the detailed steps involved in the analysis of 
surface wave data for getting two - dimensional shear wave 












Fig. 2. Multichannel Records (Shot Gathers) at JNU Campus 



















Fig. 3. Flowchart for the Analysis of Surface Wave Data 
Using SeisImager/SW 
 
The first step in the analysis is making the file list in which 
all waveform files and source receiver configuration are 
mentioned and then cross correlation CMP gather is 
calculated. Dispersion curves are calculated by converting it 
into frequency domain and then checked. Generation of a 
dispersion curve is one of the most critical steps for 
generating an accurate shear wave velocity profile. 
Dispersion curves are generally displayed as phase velocity 
versus frequency. This relation can be established by 
calculating the phase velocity from the linear slope of each 
component of the swept frequency record. Figure 4 shows 
the phase velocity curves of JNU campus. The 1D shear 
wave velocity profiles are calculated using non linear least 







Recording system: McSEIS-SX 48 





Pre trigger: ON 
Stack mode: Summation 
Geophones: 12 geophones of 4.5 Hz frequency 
Geophones array: Linear with geophone spacing of 
6m 
Source: 11kg sledge hammer on 165cm2 
metal plate 
Source array: Source is shifted with 6m interval 
Offset distance : 3m 













Fig.  4. Phase Velocity Curves for JNU Site 
 
An intial velocity model should be defined such that Vs at a 
depth Zf is 1.09 times the measured phase velocity Cf at the 
frequency where wavelength λf satisfies the relationship  
 
 
Zf = a  λf                                             (2) 
 
       where a is a coefficient that changes with frequency 
slightly and is based on extensive modeling. Finally 2D 
velocity model can be generated in Geoplot. According to 
NEHRP guidelines, Vs30 for a layered structure is 
determined for site classification. 
 
RESULTS AND DISCUSSION 
Surface wave profiling using this MASW method will provide 
a non destructive, quick (data from 2 sites can be acquired in 
one day) and accurate shallow subsurface image of the shear 
wave velocities. Here the velocity model for three sites with 
varying soil thickness is explained. Figure 5 gives the 2D VS 
model at JNU Campus (rocky site), Sector 51 Noida (soft soil 
site) and IIT Campus (medium soil cover).  JNU campus is 
located on the weathered quartzite with shear wave velocities 
ranging from 300 to 500 m/s vertically below from the surface 
(Fig.5a). Where as Figure 5(b) corresponds to the Sector 51, 
Noida falls in trans Yamuna region. This soft soil sites with 
high sedimentary thickness registered low shear wave 
velocities. The Fig. 5(c) is the 2D velocity model at IIT 
campus. Also, The field shear wave velocity from MASW test 
is compared with the estimated values using the empirical 
formulae developed. It is observed that the experimental shear 
wave velocity and the empirically estimated values are almost 
equal up to 20m depth. But at depths greater 20m, Vs from 
MASW test are slightly higher than the calculated value using 
empirical formulae developed.  
 
 
                                     





























                                          (c) 
Fig. 5. Two Dimensional Velocity Model (a) JNU 
Campus, (b) Sec-51, Noida and (c) IIT Campus 
 
The average spectral amplification factor (SAF) is estimated 
using the measured shear wave velocities at all the test 
locations and density of the soil structure. Based on the SAF 
and VS30, microzonation of the Delhi is done by dividing the 
area into four zones i.e., ZA, ZB, ZC1 and ZC2. The areas in 
the south and south central part of Delhi (ZA) with weathered 
quartzite and gravelly deposits are characterized by very low 
amplification factor (≤ 1.2). The average shear wave velocity 
in this zone is grater than 350m/s. The western side of the 
Delhi with older alluvium has an amplification factor ranging 
from 1.2 to 1.8 (moderate amplification) and the VS30 for this 
zone falls between 250 to 350 m/s. The soils in this zone are 
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sandy silts and silty sands with clay seams. The north and 
northeastern side of Delhi has very loose sandy silts and silty 
sands (newer alluvium) and high water table depths. The 
amplification factor in these zones (ZC1 and ZC2) is quiet 
high due to high sedimentary thickness also the VS30 is less 
than 250m/s for these zones. It is clear that the amplification 
factor is high in the trans Yamuna region which can 
experience severe damage due to an earthquake of 
considerable magnitude. Similarly, the areas falling in ZA and 
ZB can have low to moderate damage respectively.  
According to Eurocode 8 (2001) and NEHRP (1997), the 
amplification factors for VS greater than 350m/s (ZA) are 1.35 
and 1.7 whereas for VS between 250 to 350m/s (ZB) and < 
250m/s (ZC) it is 1.5 and 2.4 respectively. In our study the 
SAF obtained are lower than the values mentioned in these 
codes. That means it is ≤ 1.2 for ZA, 1.2-1.8 for ZB and > 1.8 
for ZC type. 
 
It is clear that this method is useful for geotechnical 
engineers/seismologists who need a quick assessment of site 
characterization or a reliable velocity structure, which is used 
in earthquake ground motions. Empirically this site 
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